jects who had different cone ratios, as measured by direct imaging of the cone mosaic using adaptive optics (Roorda and Williams, 1999) , did not show a corresponding difference in unique yellow (Brainard et al. 2000) . Also, in previous experiments that used psychophysical flicker photometry to estimate cone ratio, differences in unique yellow did not correlate with large differences in estimated cone ratio. This was true both in heterozygous carriers of color vision defects, who are known to have highly skewed cone ratios (Jordan and Mollon, 1997; Miyahara et al., 1998), and in color normal individuals . The method used here eliminates errors inherent in earlier psychophysical measurements, and it is highly efficient; testing a large sample of normal men allowed a statistical evaluation of the hypothesis that there is a correlation between unique yellow and low. The observed lack of association between variation in cone ratio and unique yellow could be accounted for if the relative weighting of the inputs to the red/green chophysics to determine the characteristics of inputs chromatic channel is adjustable. The nervous system to the red/green chromatic channel in deuteranomalous could use information gathered from experience to trichromats and found that the inherited difference in the make adjustments in the red/green chromatic mechaspectral sensitivity of their photopigments is associated nism, perhaps normalizing to the "average white" of the with a large shift in the neural weighting of the inputs surroundings (Mollon, 1982; Pokorny and Smith, 1977 , to their red/green chromatic mechanism. This indicates 1987) to compensate for the individual differences in that the nervous system has made a large compensatory the retinal mosaic and thus make perception uniform. adjustment in response to the abnormal input that reThis hypothesis is tested in the following experiments. sults from having anomalous photopigments. Results from these experiments demonstrate that information Long-Term Changes in Color Perception gathered from experience can be used to actively optiin Response to Chromatic Alteration mize the neural circuits for this fundamental perceptual of Visual Experience ability and that the plasticity persists in adults.
The familiar transient aftereffects in color perception induced by short periods of chromatic adaptation have been studied extensively (Jameson et al., 1979). There Results has also been a report that prolonged wearing of colored filters can induce changes in spectral sensitivity lasting Color Vision Is Uniform Despite Enormous Variability in L:M Cone Proportions for hours (Eisner and Enoch, 1982). However, the normalization model, introduced above, predicts that by The wavelength that appears uniquely yellow (neither reddish nor greenish) was determined for 32 subjects restricting the wavelength content of the input to the visual system, it should be possible to induce changes with normal color vision. This is a standard measure of color appearance that can be determined easily and in the red/green chromatic mechanism that are more enduring. To test this, we subjected three males (CL, with great precision. In the same subjects, estimates of the ratio of L to M cones were obtained using ERG flicker YY, and JC) and one female (EM) to chromatically altered conditions for a series of days. Each subject's visual photometry. Previously, L:M cone ratio estimates from this ERG technique were shown to be reliable within Ϯ input was restricted by wearing colored contact lenses, by wearing goggles fitted with colored filters, or by 2.5% L . Corrections were made from an analysis of each subject's photopigment genes to spending time in a room where all light sources had been covered with colored filters. Each day, immediately eliminate errors in the estimates of cone ratio that would derive from normal variations in cone spectral sensitiviprior to the introduction of the chromatically altered experience, unique yellow was measured. Following the ties . Dramatic individual differences in L:M ratio were observed (from about 10:1 to 0.4:1; a chromatic alteration period (4, 8, or 12 hr), each subject spent the remainder of the day under illumination that 25-fold range). However, we found no associated differences in the wavelength of unique yellow (Figure 1) .
was not altered from his normal routine. For example, in the 4 hr condition, the subject spent a total of 20 In earlier experiments, it was reported that two sub-hr under normal illumination before beginning the next day's alteration period. Thus, the daily unique yellow measurements were not influenced by traditional color after effects, which last for only minutes (or hours at most).
As predicted by the normalization model, the result was that, over time, each subject's unique yellow shifted progressively further away from his or her baseline (Figure 2) . Initially, the size of the shift was small; however, after many days of exposure, for example, to the red alteration conditions, the shift had grown so large that wavelengths previously called red came to be consistently called green in appearance. The absolute size of the shift varied between the subjects, presumably due to a combination of different filtering devices, different amounts of time spent filtered, and the activities performed while subjected to the altered conditions.
That it takes a long time to induce the change in perception, and that it persists for weeks in the absence of exposure to chromatic alteration, demonstrates an adaptive change in the nervous system. The persistence of the change in perception observed here is reminiscent of contingent form-color after effects (e.g., the McCollough effect, a color aftereffect produced when viewing black and white gratings after adaptation to colored bars of the same orientation [Stromeyer, 1978] ), and at the cellular level, the neural mechanisms underlying these two phenomena may be related. However, the change in color perception described here is unique in that it is omnipresent and not contingent. The global normalization described here apparently compensates for the huge genetic variation in the ratio of L to M cones.
A Cortical Locus for the Normalization Mechanism
One feature of the McCollough effect is that it is largely monocular (Stromeyer, 1978) , indicating that it depends on mechanisms at a neural locus early in visual processing (e.g., the retina) prior to the point where information from the two eyes is combined. To determine the neural locus of the normalization mechanism observed here, we did two additional experiments. First, we used the ERG to record relative spectral sensitivities from subject JC. Figure 3A shows average spectral sensitivity functions from before/after and during the chromatic alteration period. The relative L and M cone contributions to spectral sensitivity measurements made before or after the 10 day alteration period did not differ from those taken within the alteration period (p ϭ 0.24). The variability of these readings was not significantly different than that observed for multiple readings taken from a control subject who did not undergo chromatic alteration (p ϭ 0.25; data not shown). These results indicate that the normalization effects are mediated by a mecha- By measuring unique yellow in deuteranomalous men whose inputs to the red/green chromatic mechanism are abnormal because of their congenitally aberrant photopigment, we were able to explore the degree to which the gain can be changed by a lifetime of abnormal input. Since the normal M pigment is replaced by a pigment with a more long-wavelength-sensitive absorption spectrum, there is much less of a difference in the average quantal catches of the cones responsible for red-green color vision in deuteranomalous men compared to normals (Figure 4, bottom panel) . In normals, according to our theory, the reduced gain (0.64) of the L cone input is the result of a compensatory adjustment to the difference in average quantal catch rate that occurs because of the difference in the absorption spectra sorption spectra approach being identical. This is a very robust prediction of the normalization hypothesis, be- unique yellow compared to color normals, even though they are subject to the same cultural influences. If the gain factor for the deuteranomalous subject illustrated in Figure 4 (bottom panel) was not altered from the average normal person (0.64), his unique yellow Discussion would occur at a wavelength well beyond 700 nm, a wavelength outside of the visible range. This person
Advantages of Using Information Gained from Experience would be able to extract virtually no useful color vision from his two X chromosome photopigments if the gain
Here, it has been demonstrated that the nervous system actively uses information gathered from visual experi-(and hence unique yellow) were not adjustable to a wavelength that was optimized to his aberrant photopigence to adjust the gain of the inputs to the red/green chromatic channel. The idea of a plastic nervous system ments. Shown in Table 1 are the predicted unique yellows for all the deuteranomalous men, calculated using that is able to actively use information from the surroundings in the self-organization and adjustment of a constant gain factor of 0.64. In all three cases, the unique yellow predicted by a fixed gain is extremely circuits responsible for basic sensory capacities has long been attractive; however, convincing demonstradifferent from the actual values observed for deuteranomals. here, in studying the color vision system, we have introduced large shifts in chromaticity rather than completely with the present results.
The unique yellow values for deuteranomalous indiremoving an input, and it has been possible to take advantage of widespread genetic differences that proBecause of the plastic normalization mechanism, the duce large variability at the input end of the system. In red/green color vision system is set to be in equilibrium these cases, the ability of the color vision system to for the average illuminant. That is, the average illuminant actively use information from the altered input is demonproduces no response from spectrally opponent color strated by the fact that the perceptual changes are those vision mechanisms. Our color vision provides informapredicted from how the input was changed; for example, tion about the spectral reflectance of objects, allowing wearing the red lenses for a prolonged period makes us to detect them, to discriminate them from their surthe world without them appear more greenish, while the roundings, and to determine their internal properties. aftereffect of the green lenses is a redder visual world.
By being normalized to the average illuminant, the color Here, the plasticity of color vision illustrates the advision system is optimized to perform these functions. vantages, both in economy and flexibility, of having a Nearly all natural surfaces reflect some wavelengths nervous system that can actively use information drawn from the illuminant more than others, and the reflecfrom the environment. The red/green color vision system tances are well distributed around neutral; thus, beis relieved of needing a genetically encoded value for cause of the normalization, the red/green chromatic the gain. The flexibility is demonstrated by the ability channel is matched to the input by having the equilibrium of the visual system to adjust to different chromatic response at the average value of the input distribution. environments, to correct for large differences in cone
The ability of the color vision system to normalize ratio, and to maximize color vision in anomalous trichroitself to the average illuminant means that color percepmats. This same plasticity may operate to maintain color tions will be very much the same for everyone who perception during aging (Schefrin and Werner, 1990 Having the change be one in which the color crosses chromaticity experienced in everyday life, the red/green an unvarying hue boundary (e.g., from green to yellow color vision system is able to perform its job of signaling like a banana [Snodderly, 1979] ), simplifies signaling departures from that equilibrium point. It is well known between the fruit and the primate that eats it. that the visual system has an ability to adapt very quickly in response to routine changes in illumination. This famil- is M, then according to chance it will not be unusual for in a "green-dominant" spectral environment and your the neighbors that form the surround to be all (or mostly) centrally determined gain was set to a different value L cones, naturally creating a spectrally opponent rethan everyone else. In our world, a paper that looks ceptive field. This would explain the first stage, but the white to everyone else would look pinkish to you. On process must be maintained and extended at higher the other hand, your fast-acting chromatic adaptation levels of visual processing in the cortex. For this, particimechanisms would work in the direction of maintaining pation of "Hebbian mechanisms" could be hypothesized that same pink color appearance under the daily changes in our normal illumination.
A Broader Purpose
( The mean of these setting was taken as the wavelength correspondmatching performance on an anomaloscope. ing to unique yellow for that session. For the 2AFC method, unique yellow was determined using two Genetic Analysis randomly interleaved two-alternative forced-choice staircases. Whole blood was obtained from each subject, and DNA was exEach staircase began at one hue extreme (clearly red or clearly tracted using the ABI 341 automated nucleic acid purification sysgreen, chosen randomly) and moved in varying step sizes toward tem. Genomic DNA was used in the polymerase chain reaction (PCR) the opposing hue extreme. The start points were chosen to be to selectively amplify the L pigment genes, and exons 2-5 of the L equidistant from the known average unique yellow value for color genes were sequenced. The PCR and sequencing conditions and normals (580 nm). The direction the staircase moved was deterprimers have been reported previously mined by the observer's response to the previous stimulus in that al., 1995). For deuteranomalous subjects, the L gene that occurs at staircase. If a stimulus appeared to be "too green," the next stimulus the 5Ј end of the X chromosome visual pigment gene array was from that staircase (not necessarily the next stimulus seen, as the amplified separately from the other L genes in the array according two staircases are randomly interleaved) moved to a longer waveto a previously published protocol (Neitz et al., 1996) , and they were length. Likewise, if a stimulus appeared "too red," the next stimulus sequenced separately. from that staircase moved toward a shorter wavelength. The step size for each staircase began at 10 nm and was decremented to 5 ERG Flicker Photometry nm after the first reversal on that particular staircase. After the The details of the flicker photometric ERG have been described second reversal on a given staircase, the step size for that staircase previously (see Carroll et al., 2000; Jacobs et al., 1996). Briefly, the was decremented to 2 nm. A third reversal dropped the step size subject's right pupil was dilated (Tropicamide 0.5%), and the ERG to the final value of 1 nm. After the first reversal with 1 nm steps, was differentially recorded using fiber from the DTL Plus electrode the reversals were counted, and the experiment continued until ten as an active corneal electrode. Two beams (identified here as a reversals had been reached. The wavelength of unique yellow was reference and a test beam) of a three-channel Maxwellian-view optitaken as the average of the 1 nm reversals on each staircase. Deutercal system were superimposed to illuminate a circular portion of the anomalous unique yellows were obtained with the same procedure, retina subtending approximately 70Њ. High-speed electromagnetic though the starting wavelength for each staircase was shifted relashutters were used to alternately present the reference and test tive to their expected unique yellow of about 600 nm. Because of lights at 31.25 Hz, with a neutral density wedge used to control the way in which the experiment was performed, the subject (author the intensity of the test light. The wavelength of the test light was or nonauthor) never knew the wavelength of the light he or she was controlled by a Varispec liquid-crystal electronically tuneable filter judging. This restricted the possible effects of bias to criterion shifts, (Cambridge Research & Instrumentation, Boston, MA). Spectral senwhich even at their theoretical extremes are many times smaller sitivity was recorded by measuring the null point, where the ERG than the observed shifts in unique yellow. signals produced by the test and reference light were equal. The null point was found by adjusting a neutral density wedge within the test path, while the intensity of the reference light remained fixed.
Chromatically Altered Environments Subjects were exposed to an altered chromatic environment for 4, The average of two complete runs through a range of wavelengths between 480 and 680 nm was used to derive a spectral sensitivity 8, or 12 hr each day. In the 4 hr experiment, the alteration was achieved with either color-filtered goggles or with a room in which function. Final spectral sensitivity values are reported as quantal intensities, corrected for lens absorption and age-dependent lens the light sources were covered completely with filters similar to Kodak Wratten filters 29 and 58. In the 8 and 12 hr alteration condicorrection .
We estimated the L:M cone ratio for the color normals by detions, contact lenses were used that were either dyed professionally (Adventures in Color, Inc., Golden, CO) or with a commercially availtermining the weighted sum of an L and an M cone spectral sensitiv- 
